exposed to NMP during gestation, but the causal relationship between the stillbirth and NMP exposure was not clearly established due to unmeasured exposure concentrations 21, 22) .
Only a few surveys have been conducted to clarify the relationship between exposure concentrations and medical examinations in an occupational setting. Eye irritation and headache were reported for three employees exposed to 0.7-1.5 ppm (3-6 mg/m 3 ) for 30 min 13) . But in the latter study, no irritation or pulmonary effects were found in 6 volunteers exposed to NMP up to 12.5 ppm (50 mg/m 3 ) for 8 h 10) , and no sensory irritation or undue annoyance were reported in 15 volunteers exposed to NMP up to 40 ppm (160 mg/m 3 ) 23) . No changes in hematological or biochemical parameters were reported in 12 workers exposed to NMP at levels up to 0.69 ppm 24) , though the data in NMP-exposed workers were not compared with those in referent workers. The result of Xiaofei et al. 24) was cited in the document of the Occupational Exposure Limit (OEL) of NMP of the Japan Society of Occupational Health 1) , and might have influenced the establishment of an OEL value of 1 ppm.
However, no well-designed epidemiological survey has been performed to clarify the dose-response relationship between NMP exposure and health effects. The aim of this cross-sectional observation was to clarify the relationship between occupational NMF exposure and workers' health.
Subjects and Methods

Study population
The study population included 15 male workers occupationally exposed to NMP and 15 male referent workers recruited from the factory. Referent workers were matched to NMP-exposed workers by age (within 2 yr), educational background, and work load as far as possible. The characteristics of the subjects are shown in Table 1 . All the subjects were informed of the aim and design of the study. Each agreed to participate and signed the form of informed consent approved by the ethical review committee of Shinshu University School of Medicine.
In the factory, NMP was used for cleaning the instruments on which liquid resin had been sprayed. The liquid resin used was dissolved in an organic solvent which was composed of more than 90% NMP and less than 10% xylene. The employees have a five-day work week. None of the NMP-exposed workers wore any protective respiratory devices or clothing. All wore disposable, thin protective gloves made of polyethylene. The permeability to NMP of the polyethylene sheet used in the protective gloves was determined by the method specified by the Japanese Industrial Standard (JIS) T8030 (2005) 25) .
Exposure assessment
NMP exposure levels were assessed by NMP concentrations at the breathing zone and in the urine of NMPexposed and referent workers. The NMP-exposed workers wore sampling tube containing 400 mg activated charcoal used as an absorbent (Jumbo Type, Shibata Scientific Technology, Ltd, Tokyo) and an air sampling pump (Pocket pump, SKC, Inc. USA) for 8 h a day from the first to the last day (i.e. Monday through Friday) of their work week, and the referent workers did the same on the last day (Friday). The flow rate of the air sampling pump was set at 0.1 l/min. The levels of NMP exposure were determined by the method of Xiaofei et al. 24) . Briefly, the activated charcoal absorbent was eluted with dichloromethane (2 ml), and the adsorbent (1 µl) was directly injected into a GC-MS (G1800B GCD system, Hewlett Packard Co., Wilmington, DE, USA). Urine was collected to determine urinary NMP levels in the NMP-exposed workers at 5 min before and 5 min after the workshift from Monday through Friday, since the urinary NMP levels in NMP-exposed workers were reported to closely correlate with airborne NMP concentrations 26) . The workers were requested to carefully wash their hands before the urine sampling in order to avoid possible contamination of their urine with NMP at the time of urine collection. Urine samples were stored at 4˚C. The referent workers' urine was collected at 5 min after the workshift on the last day (Friday) of the work week. The urinary NMP levels were also determined by the method of Xiaofei et al. 24) . Briefly, 1 ml of urine was transferred in to a glass tube, to which toluene (1 ml) and 12 M potassium hydroxide (2 ml) containing 0.25% ammonia were added. After shaking for 10 min, the toluene phase was transferred to vials. The adsorbent (1 µl) was directly injected into a GC-MS (G1800B GCD system, Hewlett Packard Co., Wilmington, DE, USA).
Airborne concentrations of xylene were measured by the method of National Institute for Occupational Safety and Health (NIOSH) 27) . Urinary levels of methylhippuric acid (MHA) were measured by the method of Bounoshita et al. 28) .
Health effect assessment Subjective symptom and psychological tests
The subjects were asked to complete six types of selfadministered questionnaires for subjective symptoms including the following items: (i) 54 subjective symptoms 29) and 4 additional symptoms related to the NMP exposure over the previous six months; (ii) 11 subjective symptoms complained of before starting daily work, 7 questions about smoking, alcohol consumption, caffeine intake, and symptoms induced by caffeine intake (e.g. insomnia, headache); (iii) 17 selective and 2 descriptive subjective symptoms during or after daily work, especially, about skin irritation reported before; and (iv) 19 questions about past and present medical history, medical drug use, and health effects induced by exposure to any kind of chemical product or medication. The questionnaires also included psychological tests evaluating the moods of subjects. The scales used were (v) the selfrated depression scale (SDS) and (vi) the manifest anxiety scale (MAS) 30) .
Clinical examinations
Blood samples were collected from the antecubital vein on the last day (Friday between 2 P.M. to 4 P.M.) of the work week and urine samples for clinical examinations were collected at the same time as the blood sampling.
Hematological or biochemical items were determined by an automated hemocytometer (SE9000, Sysmex, Kyoto) and an automatic clinical analyzer (736-60, Hitachi, Ltd., Tokyo). Protein, glucose, bilirubin, ketone bodies in urine, hepatitis B antigen (HBs-Ag) and antibody (HBs-Ab), and hepatitis C antibody (HCV-Ab) in serum were determined.
Motor and sensory nerve conduction velocities of the median nerve in the dominant arm were determined (Neuropack, Nihon Kohden, Tokyo) 31) .
Neurobehavioral tests were conducted. The test battery consisted of finger tapping (both dominant and non-dominant hands), simple response time, choice reaction time, digit span (memorizing forward and backward), and Benton visual retention test carried out on a personal computer 31) .
Statistical analysis
One-way ANOVA was applied to compare means of variables with the interval scales between or among groups. For prevalence data, 2 × 2 or m × n table analysis was applied. To adjust for the effects of confounding variables, the multiple regression procedure, multiple logistic regression procedure, or stratification method were used as needed. All data analysis was performed using SAS packages (SAS Institute, Cary, NC, USA).
Results
Study population
One of the 15 NMP-exposed workers was excluded from the present analyses, because he was absent from his job on the day scheduled for the health effect examination. The characteristics of the study population analyzed are listed in Table 1 . The mean ages of the NMPexposed workers and referent workers were 33.8 yr (range: 25-55) and 34.1 yr (range: 25-55), respectively. No significant difference was found between the two groups regarding mean age, educational status, alcohol consumption, and the daily number of cigarettes smoked.
Exposure assessment
NMP exposure concentration and urinary NMP are shown in Table 2 for the last day of the work week and in Fig. 1a and b throughout the work week. NMP was not detected in the urine of referent workers. The maximum concentration of exposed workers was 0.8 ppm during the work week; this was below the OEL of 1 ppm recommended by the Japan Society for Occupational Health 32) . Neither xylene exposure nor urinary MHA was detected in the present analysis with a detection limit of 0.1 ppm for xylene or 0.01 mg/dl for MHA.
The permeation test evaluated the breakthrough time at which the permeation rate of NMP through the polyethylene sheet exceeded 0.1 µl/cm 2 /min. It was found that the breakthrough times of NMP through the polyethylene sheet were less than 10 min in the three consecutive permeation tests.
Health effects assessment
Subjective symptoms and psychological tests assessment No significant difference was detected in any items by the logistic regression analysis after controlling for possible confounders such as age, educational status, BMI, and drinking/smoking habits. The mean point of SDS in NMP-exposed workers was significantly lower than that in referent workers (Table 3) , but NMP exposure did not contribute to SDS in NMP-exposed workers by the multiple regression analysis. U-NMP, U-NMP/U-Cre: urinary NMP, urinary NMP/urinary creatinine. GM: geometrical mean, GSD: geometrical standard deviation.
Fig. 1. NMP exposure (a) and urinary NMP levels (b) throughout the workweek.
Circles and bars indicate individual data and means, respectively. M and E in Fig. 1b represent the urine collection time at the beginning of workshift (Morning) and at the end of workshift (Evening), respectively. Clinical examinations In the analysis of blood and urine, no significant differences were observed between NMP-exposed workers and referent workers (Table 4) . No significant difference was detected in motor or sensory nerve conduction velocity in the dominant arm or in neurobehavioral tests between the two types of workers. Also, no significant difference was observed in the clinical examinations including the above examinations after controlling for the confounding factors, i.e., age, educational status, BMI, alcohol consumption, and smoking habits.
Discussion
In this study, the mean NMP concentrations in the NMP-exposed workers were found to range from 0.14 to 0.26 ppm throughout the work week (Fig. 1a) . The highest exposure concentration to NMP was 0.8 ppm which is lower than the OEL of 1 ppm recommended by the Japan Society for Occupational Health (JSOH) 1) . The mean urinary NMP levels at the end of each workday were also found to range from 0.17 to 0.22 mg/l throughout the work week (Fig. 1b) . The urinary NMP levels in the exposed workers on each workday varied, as did the NMP exposure, depending on the time workers spent cleaning the sprayed resin deposited on the instruments and the method of cleaning during the work process. There are two discrepancies between our study and that of Bader et al. 26) concerning the relationship between NMP exposure and urinary NMP concentrations. First, the linear regression analysis of Bader et al.'s data 26) for NMP exposure and the urinary NMP levels showed that the mean urinary NMP level for the exposure of human volunteers to 1 ppm NMP vapor for 8 h under workload conditions was 0.17 mg/l (95% confidence interval: 0.09-0.25 mg/l). The urinary NMP levels with reference to the concentrations of exposure to NMP were found to be higher in this study than in Bader et al.'s study 26) . Nomiyama et al. 33, 34) suggested that the greater urinary biological monitoring values of N,N-dimethylformamide and N,N-dimethylacetamide, both of which are enhanced skin penetrators, in the occupational setting than in the experimental setting are due to the workload, which would increase both the respiratory volume and sweating, leading to the increased percutaneous penetration of these solvents. Second, in sharp contrast to Bader et al.'s study 26) , no positive correlation between the NMP exposure and urinary NMP levels could be established in this study. The present permeability test of the protective glove used in this study revealed that liquid NMP easily penetrates the protective gloves made of polyethylene. A sizable amount of NMP might be absorbed into the body through the skin of NMP-handling workers wearing such ineffective gloves in comparison with the amount of NMP absorbed through inhalation, since NMP is reported to be a substance with high percutaneous uptake 35) . Therefore, it can be inferred that a larger amount of NMP absorption through the skin in the real occupational setting than in the volunteer study hinders the positive correlation between the NMP exposure and the urinary NMP levels that would have otherwise been expected to occur in both the experimental and occupational settings.
In this study, no significant difference between NMPexposed and referent workers was found in subjective symptoms relating to irritation. Beaulieu and Schmerber 13) reported that severe eye irritation and headache occurred in the workers exposed to NMP in the range of exposure from 0.75 to 1.5 ppm (3-6 mg/m 3 ) 13) . On the other hand, Åkesson and Paulson 10) reported that there were no selfreported subjective symptoms of irritation in the eyes, nasal mucosa, and respiration systems in the volunteers exposed up to 12.5 ppm (50 mg/m 3 ) NMP. Our results are consistent with those of Åkesson and Paulson's study, although the concentrations of exposure to NMP in the present study were closer to those of Beaulieu and Schmerber 13) than to those of Åkesson and Paulson 10) . Åkesson and Paulson 10) suggested that the unacceptable eye irritation 13) caused by 0.75 to 1.5 ppm (3-6 mg/m 3 ) NMP (8 h TWA) was due to NMP work processes performed at temperatures above the boiling point (202˚C), which was reported by Beaulie and Schmerber, that might be caused by extremely high peak exposures due possibly to aerosolized NMP vapor during a short period.
The result of SDS for NMP-exposed workers was significantly lower than that for the referent workers. But this significant decrease seemed not to be due to NMP exposure, because NMP exposure did not contribute to SDS in the NMP-exposed workers by the multiple regression analysis. Besides, no significant health effects on motor and sensory nerve conduction velocities, hematological and blood biochemical parameters and other subjective symptoms by the self-administered questionnaires were found in any NMP-exposed group.
The present findings that no significant health effect was detected by the various tests among the 14 workers exposed to NMP at a maximum level of 0.8 ppm and below might provide additional evidence to support the current OEL value of 1 ppm for NMP recommended by JSOH 33) .
